The rate and efficiency of key steps in the life cycle of the human immunodeficiency virus type 1 was examined in three primary cell types, T cells, monocytes, and T helper dendritic cells using the same quantity of virus involved and same cell number. The results show that viral DNA synthesis proceeds much more rapidly and efficiently in primary T helper dendritic cell populations than in primary T cell and monocyte populations. The increased rate of virus DNA synthesis is attributable either to an increase in the efficiency and the rate of uptake of the virus particles by the T helper dendritic cells, as compared with that in other cell types, or to an increased efficiency and rate of viral DNA synthesis in the T helper dendritic cells. In the subsequent phase of viral expression the appearance of spliced viral mRNA products also occur more rapidly in cultures of primary-blood-derived T helper dendritic cells than is the case in primary T cells and monocytes. The increased efficiency of the early steps of HIV-1 replication in primaryblood-derived T helper dendritic cells than in other blood-derived mononuclear cells raises the possibility that these cells play a central role in HIV-1 infection and pathogenesis. (J.
Introduction
The human immunodeficiency virus type 1 (HIV-1) has been shown to infect several different cells of hematopoietic origin, including CD4' T cells, monocytes, macrophages, and circulating T helper dendritic cells. The cells most susceptible to infection by low titers of virus in culture are blood-derived T helper dendritic cells. These cells can be infected by low concentrations of both primary and laboratory strains of HIV-1 ( 1 ). Once infected, the T helper dendritic cells produce significantly more infectious virus per cell than do infected cultures of primary CD4+ T cells and monocytes and macrophages ( 1 ). The high level of virus produced by purified populations of primary dendritic cells is remarkable as these cells are terminally differentiated and do not proliferate in culture. Several studies show that the fraction of blood-derived mononuclear cells containing T helper dendritic cells purified from the blood ofHIV-1 infected patients contain significant amounts ofHIV-1 viral DNA (2) (3) (4) although contamination from other cell types is a possibility (5) .
The experiments presented here address the question ofthe relative speed and efficiency ofearly steps in the virus life cycle, synthesis ofvirus DNA in the newly infected cells, and production of spliced viral messenger RNA.
Methods
Isolation and infection ofprimary leukocytes. Purified-blood-derived T helper dendritic cells were isolated as described ( 1, 6, 7) . Briefly, unfractionated PBMCs from blood donor buffy coats were depleted for monocytes and T cells by density separation on Percoll gradients and by rosetting with neuraminidase-treated sheep erythrocytes. The remaining leukocyte fraction was enriched for dendritic cells by a second reflotation on Percoll gradients after 2 d of culture, and further depleted of contaminating monocytes by Fc panning on IgG-coated dishes and of residual lymphocytes by panning with monoclonal antibody to CD45RA (1, 7) . This procedure yields a population of cells that are estimated to be at least 75%±7% pure as previously published ( 1 ) and comparable with other reports (7) . They are CD3-, CD14-, CD20-, and strongly DR' as determined by FACSs analysis (not shown) and by immunoperoxidase staining ofcytocentrifuged preparation ofdendritic cells ( 1 ) . T cells (high density, E rosette positive cells) and monocytes (low density, E rosette negative cells) were isolated as described ( 1, 6) . Briefly, T cells are high density cells separated by Percoll gradient centrifugation (6) and further purified by rosetting with neuraminidase-treated sheep red blood cells (SRBC) (6) . This procedure yields > 96% pure T cells as determined by immunostaining ( 1). Monocytes are low density cells from Percoll gradient centrifugation depleted of contaminating T cells by rosetting with neuraminidase-treated SRBC ( 1) . During the total isolation procedure all leukocyte isolates were cultured for the same time period in growth medium ofRPMI 1640 with 10% FCS and antibiotics without exogenous stimulation. Before virus inoculation all primary cells were plated at 200,000 cells per well (24 well plates, Nunc, Roskilde, Denmark) and exposed overnight to growth medium with 20% PHA-conditioned medium (6) . Virus inoculation (O h) was done in parallel for all cultures with 100 ng of p24 per culture. The culture medium was completely exchanged 4 h after virus exposure and immediately before cell harvest ofcells for the first time point (6 h). At all time points the cells were harvested and washed once in cold PBS. The cell pellets were then resuspended in 150 ,ul PCR lysis buffer as described, vortexed briefly, and incubated at 37°C for 1 h with proteinase K as described (5) . For PCR limiting dilution studies lysates from 3000, 300, 30, 3 cell equivalents of dendritic cells, T cell and monocytes were used in parallel reactions. The conditioned medium is used as a source of lymphokine enriched medium to maintain cell viability (6, 8) . Blocking with soluble CD4 10 cells was done overnight in flat bottom 96 well plates (Nunc) exposed to I gCi [3H]thymidine/well (6 Chomczynski and Sacchi (11) . Generation of cDNA was done as described previously (12) . First strand cDNA synthesis was primed using antisense primer: TGAGCAAGCTAACAGCAC (positions 8669-8652, antisense, see below) using Promega cDNA Synthesis System (Promega; Madison, WI) according to the instructions. The concentration of primer was 5 x 10-6 M.
Polymerase chain reaction, primers, and probes. Oligonucleotide primers were synthesized on a synthesizer (Applied Biosystems, Inc., Foster City, CA). The primers were designed to detect early, intermediate, and late DNA species of the HIV reverse transcription process.
With small modifications the position of primers corresponds to those used by Zack et al. (13) . The Another set of primers were constructed to detect doubly spliced viral mRNA species: TGAGCAAGCTAACAGCAC (positions 8669-8652, antisense); AAGCGGAGACAGCGACGA (positions 5980-5997, sense). Isolation and amplification of viral DNA was done as previously described (5) . The cDNA reaction products were used for PCR following boiling for 2 min.
An HIV-env specific oligonucleotide probe was end-labeled with 32P: GTCTGACTGTTCTGATGAGCTCTTCGTCGC (positions 6020-5090 antisense). An oligonucleotide probe was constructed to identify the specific ,B-globin amplification products: AAACAG-ACACCATGGTGCACCTGACTCC (positions 143-170, sense) (14). For detection of viral long terminal repeat (LTR) specific sequences two oligonucleotide probes were used: CTAGCAGTGGCGCCCGAA-CAGG, (positions628-650, sense)andCAATAAAGCTTGCCTTGA-GTGC (positions 526-547, sense).
Southern blotting and sequencing of PCR amplification products. Southern blotting was done according to standard procedures (15) .
Briefly, PCR fragments were separated on 12.5% polyacrylamide gels and visualized after ethidium bromide staining. The gels were soaked in 0.5 N NaOH/ 1.5 M NaCl for 15 min, neutralized using 0.5 M Tris pH 7.5/ 1.5 M NaCl, and electroblotted onto Gene Screen nylon membranes. Electro-transfer equipment (Bio Rad Laboratories, Cambridge, MA) was used at 35 mA overnight in 2X Tris-buffered EDTA. Filters were UV illuminated, prehybridized, and hybridized as above except that formamide was replaced by 5% SDS in H20. Stringent wash for 28 mer oligonucleotides was 3x SSC and 54°C and for shorter probes (22 mer) 3x SSC and 48°C.
Two PCR products generated by primers for detection of late transcripts ("M667"/ "M66 1") were excised separately from a low melting point 2.5% agarose gel and phenol/phenol/chloroform extracted, ethanol precipitated. The purified PCR products were sequenced with an automated DNA sequencer (737A; Applied Biosystems) using dye labeled dideoxyterminator. 6, 18 , and 42 h after virus challenge using the PCR method adapted from that described by Zack and co-workers (13) .
The three primer pairs used for this analysis are shown in Fig. 1 To obtain a more accurate comparison of the quantitative difference in the efficiency and rate of formation of viral DNA in the different cell types, we amplified PCR products in one set ofexperiments by limiting dilution ofcell lysates of 3000, 300, 30, and 3 cells of each of the three cell types. The experiment (not shown) confirms that early, intermediate, and late transcripts appear more rapidly in infected dendritic cell cultures at 1:10 (300 cell equivalents) and 1:100 (30 cell equivalents) cell lysate dilution than is the case for infected T cell and monocyte cultures. At the highest dilution (3 cells) no products were amplified. This experiment was done twice with similar results.
In a second set of experiments the origin of the products amplified by the primer pair designed to detect full-length DNA transcripts was examined in more detail. For this analysis, extracts of infected dendritic cells, T cells, and monocyte cell cultures were used 6, 18, and 42 h after infection. The DNA in an aliquot of extract corresponding to 300 cells was incubated with the primer pair designed to detect full-length DNA transcripts. The products of the amplification reaction were transferred to nylon filters. Two radioactive oligonucleotide probes corresponding to the long terminal repeat region of the HXB2 provirus were used to detect these sequences (Fig. 3) .
Coamplification with primers for the f3-globin gene was performed in the same reactions to normalize for variations in target DNA content. This reaction was probed using a radioactive DNA oligonucleotide complementary to the f,-globin gene. Fig. 3 shows that using a more sensitive Southern blotting technique, the HIV-1 DNA probe detects abundant PCR amplification products in extracts of the infected dendritic cell culture. The corresponding signals of the PCR amplifications of infected T cells and monocytes are much weaker, but complete transcripts that were not visible by ethidium bromide staining (Fig. 2) can now be detected in T cells at 18 h in monocytes at 42 h. The signal corresponding to the amplified ,B-globin DNA is comparable in all the reactions. The experiment confirms that the PCR amplified products identified by ethidium bromide staining ofthe agarose gels correspond to the expected HIV-1 sequence. The experiments also demonstrate that full-length viral DNA is more abundant in infected dendritic cell cultures 48 h after infection than they are in infected T cell and monocyte cultures when normalized for fl-globin. The transcripts. Several studies show that the first RNA products detected upon infection of CD4' T cells are multiply spliced mRNAs (16) (17) (18) . For this reason RNA was purified from infected blood-derived T cells, monocytes, and T helper dendritic cell cultures 6, 18, and 42 h after infection. DNA complementary to the mRNA was made by using a DNA primer that recognizes a sequence in the nef region near the 3' end of the viral RNA. All virus spliced HIV-1 mRNAs share a common 3' terminus that includes this sequence. The cDNA was amplified using a primer pair that flanks the major 5' and 3' splice sites within the 3' halfofthe genome (Fig. 4) . Use ofthis primer pair permits discrimination of signals produced by full-length virion RNA from those produced by spliced RNA products. The data of Fig. 5 A show that an amplified DNA product of the length predicted to be made from the spliced tat, rev, and nef mRNAs (357 nucleotides) is evident in RNA extracted from dendritic cells 18 h after infection. The identity of this DNA product was examined by Southern blotting after transfer of the DNA to a nylon filter and detected using a radioactive DNA probe complementary to the first exon oftat, rev, and nef ( Fig. 5 B, Table II ). This experiment (Fig. 5 B) shows that the amplified DNA product is ofviral origin. No reported to be productively infected by HIV-1 (19) (20) (21) (22) . The experiments also show that conversion of the viral RNA to DNA is more efficient and more rapid in primary T cell populations than it is in primary monocytes. The delayed appearance of complete transcripts in monocytes as compared with those in T cell cultures is consistent with recent reports (23) . Though the IIIB strain in previous studies has been shown to infect monocytes (24) the high diversity of the biological properties by different strains ofHIV-I makes it possible that other strains may behave differently from the IIIB strain in this respect. In recent studies complete transcripts have been detected as early as 6 h after infection in 3-d PHA stimulated PBL cultures (25) .
In our experience and consistent with published studies (25) the kinetics of appearance of viral transcripts is much influenced by the prestimulation culture conditions. Thus, in our culture system complete viral transcription is significantly facilitated after 2-3 d of culture (not shown) as compared to overnight culture used in the present study. There are two possible explanations for the observation that viral DNA transcripts appear more rapidly in dendritic cells than they do in T cells and monocytes. The process of virus particle binding and entry may be much more efficient for primary blood dendritic cells than it is for other cell types. If this is the case, the virus entry must be rapid and efficient despite the relatively low number of CD4 receptors present on the surface ofthe dendritic cells (3) . The abundance ofCD4 on the surface of the purified dendritic cell population is much lower than it is on the surface of CD4' T cells. Postbinding events that facilitate virus entry must then be much more efficient in the purified dendritic cell population than in CD4' T cells. Alternatively, the synthesis ofviral DNA in the cytoplasm ofthe dendritic cell may be more efficient and more rapid than it is in other cells.
Recent studies have suggested that unstimulated blood dendritic cells are highly effective in supporting rapid viral uptake but have little or no capacity to support complete viral transcription but nevertheless transmit the infectious virus particles to surrounding T cells (26) . An alternative explanation of our observation would be that dendritic cells support efficient virus uptake but have a remarkable potential to boost HIV-1 production from a few contaminating cells even in the absence of DNA synthesis or cell division since irradiated cultures are productive (1). Our results (not shown) and other studies find in any case little or no viral replication as measured by protein or DNA in dendritic cells (26) or other primary cell isolates (25) cultured without an exogenous source of cytokines.
The early appearance of complete viral DNA transcripts and RNA products infected dendritic cell cultures is notable. Under the conditions used for these experiments, dendritic cell cultures do not incorporate significant amounts of thymidine (27) . It is reported that complete reverse transcription fails to occur upon infection of resting populations of primary T cells (25) . This observation notwithstanding, replication of retroviruses in nondividing cell populations has been observed previously (28) . Replication of Rous sarcoma virus-induced cell transformation occurs without cell division in chick embryo cultures treated with cytosine arabinoside or vinblastine (29, 30) . The visna retrovirus replicates well in nondividing populations of sheep choroid plexus cells (31 ) , and HIV-1 replication occurs in gamma irradiated leukocytes ( 1, 19, 28, 32) . Previous experiments with our dendritic cell cultures showed that HIV-1 replication continued following gamma irradiation doses that blocked host cell DNA replication and cell division ( 1 ) . Preliminary experiments demonstrate that HIV-1 genomic integration occurs in cultures of blood dendritic cells as determined by Southern blotting (E. Langhoff, K. H. Kalland, W. A. Haseltine; not shown). This is consistent with the emerging realization that lentiviral integration and replication is not dependent upon host cell DNA synthesis and cell division. Thus, HIV-1 productively infects monocytes and macrophages albeit less productively than primary T cells ( 1) . Very recently two studies have confirmed integration in nondividing monocytes and G2 arrested HeLa cells (28, 32) .
Spliced viral RNA products also appear earlier in infected primary T helper dendritic cells than in infected primary T cells and monocytes. The relatively early appearance ofspliced mRNAs in the T helper dendritic cell populations may also be a consequence of the increased efficiency of the early steps of the life cycle, including synthesis of the viral DNA. It is also possible that initiation of transcription of viral RNA is more efficient in primary dendritic cells than it is in most other cell types. Katajima It is observed that the HIV-1 promoter activity is strongest in the skin Langerhans cells in transgenic mice which carry the HIV-1 promoter integrated into the germ line (35) . The skin Langerhans cells are thought to be closely related to the bloodderived T helper dendritic cells (36) . The observation that primary blood dendritic cell cultures efficiently convert viral RNA to DNA upon exposure to virus and that subsequent steps of the virus life cycle are also supported as well as the observation that these cells are not killed by virus infection per se, raises the possibility that primary infections that result from exposure of mucus membranes to virus or virus infected cells results in initial infection of cells of the Langerhans/dendritic cell lineage. Infected Langerhans and dendritic cells may in turn serve as a source for infection of T cells both in the blood and lymphatic system by uptake and transmission of virus but also serve as reservoirs for virus infection.
